In this paper, a predator-prey model with Holling type-I functional response and multi state impulsive feedback control is established, where the intensity of pesticide spraying and the release amount of natural enemies are linearly dependent on the given threshold in the second impulse. Firstly, the existence of order-1 periodic solution of the system is investigated by successor functions and Bendixson theorem of impulsive differential equations, then the stability of periodic solutions is proved by the analogue of the Poincaré criterion. Furthermore, in order to reduce the actual total cost and obtain the best economic benefit, the optimal economic threshold is obtained, which provides the optimal strategy for the practical application. Finally, numerical simulations for specific examples are carried out to illustrate the feasibility of the above conclusions.
Introduction
Differential equation is the most basic mathematical theory and method to study the movement, evolution and change of things, objects and phenomena in natural sciences and social sciences. Many principles and laws in the fields of biology, chemistry, physics, aerospace, medicine, economics and finance can all be described by appropriate differential equations [ In recent decades, scholars have paid more and more attention to the impulsive differential equations which have played an important role in the field of life sciences [, ] . In addition, by modeling impulsive differential equations, external effects of various possible changes in the population can be included in the proposed model. The impulse of the classical impulsive differential equation can be divided into two types: fixed time impulse and state impulse. In particular, the former type has been developed and widely used in various fields [-] . Ballinger and Liu [] proposed a population dynamics model with fixed time impulse and discussed the persistence of the model. Liu et al. [] established a predator-prey model considering Holling type-I functional response with time impulse, and the authors completely established the stability properties of the relevant equilibria of the model. A pest management control model with continuous time impulse was presented and the global asymptotic stability properties of its positive equilibrium were studied by Zhang et al. [] .
In recent years, it can be seen that many scholars are interested in application in mathematical biology; many practical problems, such as injecting insulin, vaccination and spraying pesticides, need to be treated including state feedback control strategy [-]. The state feedback control is a threshold strategy which is used in impulsive semi-dynamic systems. The impulse starts to be effective when the abundance of a particular species reaches a certain threshold. The threshold strategy is widely used in the fields of ecology, life science and medicine. Therefore, it is crucial to describe and study impulsive differential equations; for instance, authors in the research articles [-] have formulated mathematical models in pest management to study the dynamic behavior. It is well known that in order to prevent the destruction by pests on some crops, it is required to spray pesticides in a timely manner; as a result, it could quickly destroy the important proportion of pest population also. In order to minimize the damage of using pesticides on the crops, cultivators adopt the biological control method to control or eradicate the pest from the crops. In this case, cultivators release natural enemies, the integrated impulse control to be implemented when a given threshold is reached. Integrated pest management is the most effective way to minimize the use of pesticides and to eliminate pests under the premise of ensuring food safety and maintaining ecological balance. In [ It is worthy to note that most scholars study the single state feedback control on impulsive differential equation, that is, they consider only the case when the density of population reaches a given threshold. We can take preventive measures, but this method is not consistent with the facts. To avoid the economic and practical issues, it is required to adopt different controlling methods under different thresholds. It can be considered under three cases. Firstly, when the density of pest population x(t) reaches the slightly harmful threshold h  , releasing the natural enemy population y(t) may help avoid the damage. Secondly, when the density of pest population x(t) is at the economic threshold h  ( < h  < h  ), only releasing the natural enemy cannot reduce the damage. Therefore, certain pesticide has to be sprayed and the natural enemy released at the same time. Finally, if control measures are taken at the economic injury threshold h  (h  > h  ), high intensity pesticide will kill a large number of natural enemies, pollute the environment and cause serious economic losses. It can be seen that the pest controlling method of multi state pulse has important research value in practical application [, ].
The claim that the impulsive differential equations have been well developed can be accepted; however, more improvements are needed to cope with the real world applications. For instance, we should not only consider the stability properties of the system under a given time or threshold in the real life, but also consider how to minimize the loss caused on crops by the pests. Therefore, the optimization problem incorporating both the effects of biological control and chemical control has an important theoretical value as well as practical significance. However, it can be seen from the literature that the optimization problem has not been extensively studied. Tang et al. [] established an integrated pest management model and obtained the optimal pulse time. In [], Liu et al. studied a stochastic model with delays and the optimal harvesting effort, and the authors obtained an expression for the maximum expected value of sustainable yield. Sun et al. [, ] investigated dynamics analysis and obtained the optimal pest control level of a pest management predator-prey system. However, in the above articles, although authors have obtained excellent results, they have considered the optimization problems neglecting multi state impulsive effect on the predator-prey system. Based on the above works and the analysis, the state-dependent impulsive predator-prey system with Holling type-I functional response can be written as
where the density of the pest population and the natural enemy population are expressed by x(t) and y(t), respectively. The intrinsic growth rate of pest, the predation coefficient and the death rate of natural enemy are denoted by a, b and c, respectively.  < r <  means the conversion coefficient, q is the release amount of natural enemy at time t h  , while δ is the release amount of natural enemy at time
, α, β represent the proportion of pests and natural enemies which are killed by pesticides, respectively. In this paper, α(x), β(x) and δ(x) are continuous functions defined on [h  , h  ], which satisfies δ(h  ) = δ max and δ(h  ) = δ min , α(h  ) =  and α(h  ) = α max , β(h  ) =  and β(h  ) = β max . α(x), β(x) and δ(x) are expressed as follows using the same notation as in [] , i.e.,
The main organization of the paper is as follows. Some important concepts and lemmas are presented in Section . In Section , the existence of order- periodic solution of system () is discussed by the successor function method and Bendixson theorem of impulsive differential equations. In Section , sufficient conditions for the stability of periodic solutions of system () obtained by analogue of the Poincaré criterion are presented. In Section , it is shown that the conclusions are verified by numerical simulation, and the optimization problem is considered in order to minimize the total cost of pest control. Finally, a summary is made.
Preliminaries
At first, we consider the free system of system ()
Define the following function:
It is easy to know that (x, y) is positive definite in the first quadrant and it satisfies all conditions of the Lyapunov function. The derivative of (x, y) is
We can obtain that (x, y) ≡  if x ≤ x  , then all solutions of system () constitute a set {(x, y)| (x, y) ≤ (x  , y * )}, which is a closed orbit (x, y) = , where  < < (x  , y * ).
If x > x  , we have (x, y) > , then the orbit of system () always passes through the closed curve (x, y) = at x > x  and out of the curve (x, y) = (x  , y * ).
Thus, we observe the line
where h is a threshold of system (). The derivative of l(x, y) is as follows:
. Therefore, the following lemma is obtained. Some basic definitions and lemmas are given as follows.
Definition . ([]
) Consider the general model with state-dependent impulse 
Lemma . ([] Analogue of the Poincaré criterion) The T-periodic solution x
is orbitally asymptotically stable if the multiplier μ  satisfies the condition |μ  | < , where 
In this paper, we assume that the condition c ≤ rbx  holds. Based on the biological significance of system (), we only consider D = {(x, y)|x ≥ , y ≥ }.
Existence of order-1 periodic solution
In this section, the existence of order- periodic solution of system () is investigated by using the differential equation geometry theory and Bendixson theorem of impulsive differential equations. Here we denote
where the lines M  and M  are the first impulsive set and the second impulsive set of system (), respectively, the lines N  and N  are the phase set corresponding to the impulsive set M  and the impulsive set M  , respectively.
Isoclinic lines of system () are denoted as follows:
For convenience, the coordinate of any point C is defined as (x c ,y c ). If the point Q(h, y Q ) ∈ M, pulse occurs at the point Q, the impulsive function transfers the point Q into Q + ∈ N .
By Lemma ., the orbit with any initiating point of D = {(x, y)|x ≥ , y ≥ } will intersect the set N  or N  with time increasing; therefore, we consider the following cases. Case II The orbit crosses the phase set N  and
In this case, we assume intersects N  at P  (( -α)h  , y P  ) and P  (( -α)h  , y P  ), where y P  > y P  , and tangents to M  at the point F  , then jumps back to N  at one point denoted by ) and B(( -
). According to Lemma . and qualitative analysis, there exists a unique closed orbit of system () which contains the point E and tangents to M  at the point F  . There is an orbit  that tangents to N  at the point B and intersects M  at the point B  (h  , y B  ). The orbit  jumps back to B
the case can be discussed like the case in Section .. And if ( -α)h  > h  , we have two subcases to be discussed as follows.
Case III The orbit and the phase set N  are disjoint and
The method of proof is similar to Case I, here we omit it (see Figures (g 
), (h) and (i)).
Case IV The orbit crosses the phase set N  and
The method of proof is similar to that in Case II, here we omit it (see Figures (j), (k) and (l)).
Moreover
≤ x  , the proof process is similar to that in Case I, there is no longer detailed description and graphic analysis.
From the above analysis, we get the following theorems.
Theorem . () If the orbit and the phase set
N  are disjoint and x ≤ x  ,  < h  < ( -α)h  < c rb < h  ≤ x  ,
there exists an order- periodic solution of system (). () If the orbit crosses the phase set
there are the following two conditions:
(ii) when y P  < y F +  < y P  , there is no order- periodic solution of system (). 
Stability of order-1 periodic solution
In this section, under the existence condition of periodic solution of system (), we discuss its stability by Lemma ..
The orbit starting from the phase set N 1
Let x = ξ (t), y = η(t) be a T-periodic solution of system () and
, then we have 
and
Therefore,
Thus we get the following theorem.
hold, then the order- periodic solution of system () is stable.
The orbit starting from the phase set N 2
Let x = u(t), y = v(t) be a T-periodic solution of system () and
, then we have
Then 
The following theorem is obtained.
hold, where ω = a( -β) + bδ( -β), then the order- periodic solution of system () is stable. 
Numerical simulations and optimization

Numerical simulations
In this section, specific examples are given to verify the feasibility of the conclusions. Let a = ., b = c = r = ., x  = ., h  = ., α max = ., β max = ., δ max = ., δ min = ., then the equilibrium point of free system is E(., ). Inserting these parameter values into system (), we get 
Determination and optimization of economic threshold h 2
The integrated control method of spraying pesticides and releasing natural enemies not only speeds up the death rate of pests, but also avoids the excessive damage to the crops; at the same time, the ecological balance is ensured. In order to ensure the best use of the material, the shortest time and the highest efficiency, the following optimal problem is investigated to find the best economic threshold. Assume that d  is the unit cost of the use of pesticides and the damage to crops, d  is the unit cost of releases of natural enemy. Our objective is to maximize the control of pests and reduce unit costs in the process of integrated pest control. Let F be the total cost in a period of system () under the control of economic threshold h  , which is a function 
The objective function is solved to find out the best economic threshold h *  , so as to obtain the optimal pesticide control intensity δ * = δ(h *  ), to find an optimal release amount of natural enemies α * = α(h *  ), and to find an optimal control period of pest T * = T(h *  ). , we can see that the optimal economic threshold is h *  = ., the optimal pesticide control intensity is α * = ., the optimal release amount of natural enemy is δ * = ., and the optimal control period of the pest is T * = ..
Conclusion
In this paper, according to the different degrees of damage on crops, feedback control with two state dependent impulses is adopted on the pest management. When the density of pests reaches the slightly harmful threshold h  , only the biological control method is adopted; when the density of pests reaches the economic threshold h  , the method of combining biological and chemical control is used, which can make the density of pests less than a given threshold and maintain the ecological balance. Analysis shows that this method is effective. Finally, numerical simulations are carried out to verify effectiveness of the control strategy. In addition, an optimization problem is proposed and solved, the optimal economic threshold is determined under the condition that the total cost is minimum. However, there are some deviations in the results, which need to be improved.
